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A B S T R A C T
A methodology for the direct introduction of the trifluoromethyl group on to indole scaffolds is presented. The
procedure involves the use of sodium trifluoromethylsulfinate (Langlois reagent) as the source of the tri-
fluoromethyl radical, and is performed photochemically with 2-tert-butylanthraquinone as a photocatalyst. The
reaction has also been probed computationally. Reaction kinetics and molecular orbital analyses from our
quantum chemical computations successfully predict and rationalize the formation of the experimentally ob-
served product and, in the case of 1-methylbenzimidazole, even reproduce the same qualitative trends in re-
gioisomer preference.
1. Introduction
The incorporation of fluorine atoms or fluorine-containing groups
into organic molecules is a current topic of considerable interest both in
academic and industrial settings [1,2]. As a result, synthetic strategies
which achieve fluorination are desirable based on the properties con-
ferred to the fluorinated product [3]. For example, carbon-fluorine
bonds are not only stronger than analogous CeH bonds, but are also
more polarized, making them more resistant against oxidative meta-
bolism [4]. While monofluoro- and difluoro-moieties are certainly of
interest, the trifluoromethyl functionality (eCF3) has received sig-
nificant attention, likely because of its ability to serve as a bioisostere
for several functional groups [5]. This bioisosteric property can be used
to adjust the steric and electronic properties of a compound, or to
prevent metabolic degradation [6]. A range of synthetic strategies are
available for performing trifluoromethylation reactions [7], examples
being the use of the Umemoto [8], Togni [9], Langlois [10], and Ru-
pert-Prakash [11] reagents (Fig. 1).
One approach to the direct trifluoromethylation of substrates in-
volves the use of trifluoromethyl radical sources [12]. Other methods of
trifluoromethylation, such as cross-coupling reactions, are at a dis-
advantage to direct radical methods because they require pre-functio-
nalized substrates, while direct radical methods do not. In the realm of
radical trifluoromethylation reactions, the Langlois reagent has proven
particularly popular, being a relatively inexpensive, bench stable solid.
It has garnered much attention since Baran et al. reported its applica-
tion in an efficient methodology for the trifluoromethylation of het-
erocycles in 2011 (Fig. 2) [13]. Since then, a number of peroxide-free
methods have been proposed. These generally rely on the use of either
transition metals, inert atmosphere, harsh conditions, or combination
thereof [14–17].
In hopes of developing an efficient and mild approach to radical
trifluoromethylation, some have been turning to the use of photo-
catalysis. The popularity of photocatalysis as a tool in preparative or-
ganic chemistry has been growing exponentially in recent years [18].
These methods have opened avenues to chemical transformations that
are otherwise unachievable. Photochemical approaches to radical tri-
fluoromethylation using the Langlois reagent have been reported, but
they tend to require rigorously anhydrous and anaerobic conditions, as
well as the use of transition metals (Fig. 3) [18–21]. Nicewicz found that
the Langlois reagent could be used, in conjunction with an organic ac-
ridinium based photocatalyst, to facilitate the hydrotrifluoromethylation
of alkenes, resulting in 25–74% yields [21]. This method, using blue LED
light (λ=450 nm), requires stoichiometric amounts of methyl thiosa-
licylate or thiophenol, which act as hydrogen atom donors. Similarly,
Lefebvre later reported a hydrotrifluoromethylation method which
https://doi.org/10.1016/j.jfluchem.2018.08.005
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explored the reactivity of electron-deficient substrates [20]. They em-
ploy a benzophenone-based photocatalyst in conjunction with UV light
(λ=355 nm) and use hexafluoroisopropanol (HFIP) as a super-stoi-
chiometric additive, lending some credence to previous observations
that HFIP can act as a proton donor rather than a hydrogen atom donor
[22]. They also demonstrate that similar yields can be obtained when
employing an iridium-based photocatalyst and blue light. Itoh et al. have
reported the use of an anthraquinone derivative as an organic photo-
catalyst for the trifluoromethylation of arenes and heteroarenes, how-
ever, this method still requires an inert atmosphere, and has a limited
substrate scope [19]. Interestingly, when there is more than one reactive
site, a degree of regioselectivity is observed in electron-rich arenes.
Unrelated to organofluorine chemistry, the Itoh group have recently
reported a methodology for the visible-light mediated cross-dehy-
drogenative CeH amination of indoles with phthalimides, employing 2-
tert-butylanthraquinone as a photocatalyst (Fig. 4) [23]. Having already
developed a number of non-radical approaches to trifluoromethylation
[24], the reports by Itoh piqued our interest and we sought to develop a
methodology for the photo-mediated radical trifluoromethylation of
indoles using Langlois reagent and an anthraquinone photocatalyst.
Incorporation of fluorine into indole scaffolds is very attractive due to
the prevalence of indoles in natural products and pharmaceuticals.
Photo-mediated trifluoromethylation of indoles has been the subject of
previous studies, although not using Langlois reagent (Fig. 5) [25]. We
wanted to expand on these previous reports, offering an additional
approach for the synthesis of these valuable products. Our metal-free
method is convenient in that rigorously anhydrous and/or anaerobic
conditions are not required. While product yields are moderate, they
are not unlike many of the other methods reported in the literature. To
augment our synthetic chemistry, we employed computational chem-
istry to help us understand why yields for 2- or 3-substituted tri-
fluoromethylated indoles can be quite low.
2. Results and discussion
As a substrate for reaction optimization, we selected 1-methyl-2-
phenylindole (1a). Employing DMF as our solvent (0.1 M in substrate),
1 eq of Langlois reagent, 0.6 eq of potassium carbonate as a base,
10mol% 2-tert-butylanthraquinone (AQN) as a photocatalyst, and a
blue LED light source, we obtained a 10% yield by NMR of the desired
trifluoromethylated product after 24 h (Table 1, entry 1). The reaction
was performed in a sealed Pyrex test tube using approximately 50mg of
4 Å molecular sieves to sequester water. The λ-max of AQN is 255 nm,
and keeping all parameters constant with the exception of switching the
light source to 255 nm LEDs and using a quartz reaction tube increased
the yield to 32% (entry 2). Changing the photocatalyst to 9-mesityl-10-
methyl acridinium tetrafluoroborate and using blue light, a 10% yield
was obtained, suggesting that AQN was superior (entry 3). Doubling
Fig. 1. Structures of common trifluoromethylating reagents.
Fig. 2. Examples of the use of the Langlois reagent in trifluoromethylation re-
actions.
Fig. 3. Examples of the use of the Langlois reagent in photo-mediated tri-
fluoromethylation reactions.
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both the photocatalyst loading and also the quantity of Langlois reagent
increased the yield to 47% (entry 4). Changing the solvent to acetoni-
trile not only increased the product yield to 50%, but also dramatically
decreased the necessary reaction time to 3 h (entry 5). Cesium
carbonate and ammonium carbonate were screened as alternative bases
and both found to be on par with potassium carbonate (entries 6 and 7).
Thus, we decided to proceed using ammonium carbonate due to its
increased solubility in acetonitrile, thereby allowing for the more
Fig. 4. The visible-light mediated cross-dehydrogenative CeH
amination of indoles.
Fig. 5. Key previous methods for photo-mediated trifluoromethylation of indoles, and our approach.
Table 1
Optimization of reaction conditionsa,b.
Entry Solvent Catalyst (mol%) Base CF3SO2Na (eq) Additive (eq) Light Atm Time (h) Yield (%)
1 DMF AQN (10) K2CO3 1 – blue Closed 20 10
2 DMF AQN (10) K2CO3 1 – 255 Closed 20 32
3 DMF 9-Ms-10-MeAcr (10) K2CO3 1 – blue Closed 20 10
4 DMF AQN (20) K2CO3 2 – 255 Closed 20 47
5 MeCN AQN (20) K2CO3 2 – 255 Closed 3 50
6 MeCN AQN (20) Cs2CO3 2 – 255 Closed 3 46
7 MeCN AQN (20) (NH4)2CO3 2 – 255 Closed 3 50
8 MeCN AQN (20) (NH4)2CO3 2 – 255 Open 9 57
9 MeCN AQN (20) (NH4)2CO3 3 – 255 Lab air 8 55
10 MeCN AQN (20) (NH4)2CO3 3 – 255 N2 48 57
11 MeCN AQN (20) (NH4)2CO3 3 – 255 O2 2.5 37
12 MeCN AQN (20) (NH4)2CO3 2 HFIP (0.5) 255 Lab air 48 57
13 MeCN AQN (20) (NH4)2CO3 2 HFIP (0.25) 255 Lab air 24 61
14 MeCN – (NH4)2CO3 2 HFIP (0.25) 255 Lab air 24 no product
15 MeCN AQN (20) – 2 HFIP (0.25) 255 Lab air 24 no product
16 MeCN AQN (20) (NH4)2CO3 2 HFIP (0.25) – Lab air 24 no product
17 MeCN AQN (20) (NH4)2CO3 3 HFIP (0.5) 255 N2 48 54
a Reactions were performed on the 0.3 mmol scale at a concentration of 0.1M, using 0.6 eq base. They were monitored by TLC and worked up after the
disappearance of the starting material.
b Yield by quantitative 1H NMR.
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effective stirring of the reaction mixture. Performing the reaction either
open to the atmosphere or under a balloon of air slightly increased
product conversion, but at the expense of increasing reaction time
(entries 8 and 9). An atmosphere of nitrogen doubled the reaction time
with no effect on yield (entry 10). Under an oxygen atmosphere, the
reaction was greatly accelerated at the expense of the desired product
(entry 11), a number of side products being formed. While these were
not identified, they are believed to be polymeric in nature and if the
reaction is left for longer, decomposition occurs. To avoid loss of sol-
vent due to evaporation and the formation of these undesired side
products, we decided to proceed using a balloon of air. Knowing that
HFIP can play a profound effect on reaction rate and outcome [26], we
performed two trials with the addition of 0.5 eq and 0.25 eq of HFIP to
the reaction mixture. Using 0.5 eq HFIP increased the yield to 57% after
48 h (entry 12), but when reduced to 0.25 eq HFIP we obtained a 61%
yield after just 24 h (entry 13). These conditions were taken on to the
substrate screen. Three negative control experiments were also run to
confirm that all components of the reaction mixture were necessary.
The reaction did not occur in the absence of light, photocatalyst, or base
(entries 14–16). In addition, performing the reaction under an atmo-
sphere of nitrogen along with the addition of HFIP did not have a
discernable effect on the outcome of the reaction (entry 17).
We began our substrate scope using 2-substituted indoles as re-
agents (Table 2). We determined product yields initially using quanti-
tative NMR spectroscopy on the crude product mixture and then iso-
lating the products using preparative thin-layer chromatography.
Substrates that were not N-methyl-substituted were found to have si-
milar reactivity to their N-methyl-substituted analogues (Table 2, en-
tries 1–3). The substituent at the 2-position was varied. Placing a
methyl group at the 2-position led to lower conversions (entries 4 and
5). One other nitrogen protecting group, MOM, was found to be com-
parable to the N-methyl protected analogue (entry 6). Unfortunately,
when trying to expand the scope to non-nitrogen containing systems,
we found benzofurans and the more biologically active uracil were
unreactive (entries 7 and 8).
When using 3-substituted indoles as substrates, product conversions
were lower than in the case of the 2-substituted analogues (Table 3).
The formation of multiple unidentified side products and decomposi-
tion was observed, thus making for a challenging isolation of the de-
sired product. In the case of unsubstituted indoles, both 2- and 3-tri-
fluoromethylated products were formed, this not being unexpected
(Table 4). In light of the range of side products formed in some of these
reactions, we decided to screen 1-methylbenzimidazole as a substrate
and we again obtained a range of trifluoromethylated products, but in
this case, we characterized and isolated each of them (Table 5).
In order to probe the reaction in more detail, the regioselectivity of
the aromatic CF3 radical addition was evaluated using DFT calculations
Table 2
Substrate screening of 2-substituted indolesa.









a Indole (0.3mmol, 1 eq), sodium trifluoromethylsulfinate (0.6mmol, 2 eq),
2-tert-butyl anthraquinone (0.06mmol, 0.2 eq), ammonium carbonate
(0.18mmol, 0.6 eq), HFIP (0.075mmol, 0.25 eq), and acetonitrile (3 mL, 0.1M)
in a sealed quartz tube with a balloon of air and irradiated at 255 nm for
24 h. N.R. = no reaction.
b Isolated yields; values in parentheses are yields obtained using quantitative
1H-NMR spectroscopy.
Table 3
Substrate screening of 3-substituted indolesa.




a Indole (0.3 mmol, 1 eq), sodium trifluoromethylsulfinate (0.6mmol, 2 eq),
2-tert-butyl anthraquinone (0.06mmol, 0.2 eq), ammonium carbonate
(0.18mmol, 0.6 eq), HFIP (0.075mmol, 0.25 eq), and acetonitrile (3mL, 0.1M)
in a sealed quartz tube with a balloon of air and irradiated at 255 nm for 24 h.
b Isolated yields; values in parentheses are yields obtained using quantitative
1H-NMR spectroscopy.
Table 4
Substrate screening of unsubstituted indolesa.





a Indole (0.3 mmol, 1 eq), sodium trifluoromethylsulfinate (0.6mmol, 2 eq),
2-tert-butyl anthraquinone (0.06mmol, 0.2 eq), ammonium carbonate
(0.18mmol, 0.6 eq), HFIP (0.075mmol, 0.25 eq), and acetonitrile (3mL, 0.1M)
in a sealed quartz tube with a balloon of air and irradiated at 255 nm for 24 h.
b Values in parentheses are yields obtained using quantitative 1H-NMR
spectroscopy.
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at the (U)BP86/TZ2P level [27–29] with the ADF program [30,31].
Acetonitrile (ε=37.5) was simulated in all optimizations using the
COSMO solvation model [32–35]. Gibbs free energies (ΔG) account for
zero-point and thermal energy, changes in volume and pressure, and
entropy effects at 298.15 K and 1 atm. The regioselectivity of the tri-
fluoromethylation of 1-methyl-2-phenyl indole (1a) and 1-methylben-
zimidazole (3) have been evaluated, as the former serves as a good
model system with a common core structure and the latter has all other
identified minor products fully characterized (Table 5).
The potential energy surface was calculated based on the generally
accepted model of the photochemical generation of the CF3 radical (4)
and subsequent addition to the indole (1a) or benzimidazole (3). This
approach is in line with the method proposed by Houk et al., which
assumes that the energy associated with the aromatic CF3 radical ad-
duct (2.IC) is an adequate approximation to the energy of the actual
transition state (Fig. 6) [36]. The low experimentally and computa-
tionally determined barriers reported for CF3 radical additions motivate
the use of this approach [37–40]. Barriers are expected to be further
lowered due to the stabilizing influence of the aromatic rings [41].
The Gibbs free energies (ΔGIC – intermediate complex, ΔGP – pro-
ducts) associated with trifluoromethyl radical addition to compounds
1a and 3 are shown in Table 6. These substrates are primarily tri-
fluoromethylated at C3 and C4, respectively, and analysis of the ΔGIC
values reveals that radical addition at those positions is preferred
compared to the other possible sites. The reaction energy (ΔGP) does
not correlate with the experimentally observed major product, thus
these reactions likely operate under kinetic control. The low barrier for
CF3 radical addition leads to the intermediate complex (IC), which is
then rapidly quenched via a highly exergonic reaction leading to the
product (P). Interestingly, CF3 radical addition to 1a at C3 has a very
small ΔΔGIC value (ca 0.3 kcal mol1), possibly explaining the poor
yields.
Focusing on the analysis of compound 3, for which we have ex-
perimentally identified and quantified all possible regioisomers, the
same general trends in regioselectivity are observed as initially shown
for 1a. The ΔGIC energies correctly rationalize the same qualitative
trends in regioselectivity. Nevertheless, while the computations re-
produce the correct trend, a systematic overestimation of the regios-
electivity is observed (Table 7), i.e. the computed values of ΔΔGIC are
consistently too large. This may be the result of neglecting the TS as-
sociated with CF3 radical addition, with a ΔΔGTS of merely 0.5 kcal
mol−1 being sufficient to reproduce the observed ratio between posi-
tions 4 and 7.
Next, we rationalized the preference for the observed reaction sites
based on a frontier molecular orbital (FMO) analysis. The key FMO
interaction is a two-center/three-electron bond between the HOMO1a,3
and SOMOCF3, with calculated energy gaps of 1.7 and 1.1 eV for the IC
of 1 and 3a, respectively (Fig. 7). The other FMO interaction, between
the SOMOCF3 and LUMO1a,3, is weaker with larger energy gaps (1a –
4.0 eV; 3 – 4.0 eV). The small HOMO1a,3–SOMOCF3 gap, combined with
a favorable orbital overlap (1a – 0.29; 3 – 0.27), emphasizes the es-
tablished electrophilic nature of the CF3 radical and the primary role of
the SOMOCF3 as an electron-acceptor, rather than donor [42]. Ad-
ditionally, we found that the carbon with the largest HOMO1a,3 coef-
ficient is also the one that leads to the kinetically favorable IC (Fig. 8,
1a – C3, 3 – C4). This evidence highlights the key FMO interactions
underpinning the observed reactivity of the indoles in this radical ad-
dition reaction.
3. Conclusion
We have developed a methodology for the direct introduction of the
trifluoromethyl group on to indole scaffolds. The procedure involves
the use of sodium trifluoromethylsulfinate (Langlois reagent) as the
source of the trifluoromethyl radical and is performed photochemically
with 2-tert-butylanthraquinone as a photocatalyst. We have also probed
the reaction computationally. Our computed reaction kinetics success-
fully predict the formation of the experimentally observed product and,
in the case of 1-methylbenzimidazole, even reproduce the same quali-
tative trends in regioisomer preference. This regioselectivity was ra-
tionalized by means of an orbital analysis, which highlighted the key
HOMO1a,3|SOMOCF3 interaction due to its small energy gap and
Table 5
Product distribution obtained in the reaction of 1-methylbenzimidazole (3)a.
Entry Product Yieldb (%)
1 7
2 19
3 6 (1:1 ratio)
4 3
a 1-Methylbenzimidazole (0.3 mmol, 1 eq), sodium trifluoromethylsulfinate
(0.6 mmol, 2 eq), 2-tert-butyl anthraquinone (0.06mmol, 0.2 eq), ammonium
carbonate (0.18mmol, 0.6 eq), HFIP (0.075mmol, 0.25 eq), and acetonitrile
(3 mL, 0.1M) in a sealed quartz tube with a balloon of air and irradiated at
255 nm for 24 h.
b Isolated yields.
Fig. 6. Reaction scheme for CF3 functionalization. HAr=1-methyl-2-pheny-
lindole (1a) or 1-methylbenzimidazole (3).
Table 6
Computed reaction energiesa for the stationary points of 1a and 3 [intermediate
complexes (IC) and products (P)]. Energetically preferred pathways are high-
lighted in bold.
Position: 2 3 4 5 6 7
IC – –8.9 –8.6 –2.2 –5.9 –3.1
P – –60.4 –61.7 –63.8 –61.8 –55.9
IC –14.8 – –16.6 –11.6 –13.7 –12.7
P –65.3 – –70.8 –72.3 –71.9 –66.9
a Gibbs free energies (kcal mol−1, 298.15 K, 1 atm) computed at the COSMO
(MeCN)-(U)BP86/TZ2P level.
Table 7
Experimental (Exp.) and computed (Comp.) product ratios. Computed ratios
based on ΔΔGIC.
Position: 2 4 5 6 7
Exp. 0.20 0.54 0.17a – 0.09
Comp. 0.06 0.93 0.00 0.01 0.00
a Combination of regioisomer 5 and 6.
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favorable overlap. Additionally, we discovered that the carbon asso-
ciated with the kinetically most favorable site consistently has the lar-
gest contribution to the HOMO1a,3. This orbital analysis serves as an
affordable method to predict the experimental regioselectivity of this
trifluoromethyl radical addition reaction.
4. Experimental section
4.1. Determination of product conversion using quantitative NMR
spectroscopy
NMR Spectra (1H, 13C, 19F) were performed at 298 K on a Brüker
Avance III nanobay 400MHz NMR spectrometer equipped with 5mm
BBFO probe. 1H NMR Spectra obtained in CDCl3 were referenced to
residual non-deuterated chloroform (7.26 ppm) in the deuterated
solvent. 13C NMR Spectra obtained in CDCl3 were referenced to
chloroform (77.2 ppm). 19F NMR spectra were referenced to
hexafluorobenzene (−162.4 ppm). Product conversions determined
using quantitative NMR spectroscopy were obtained via the ERETIC
method (Electronic REference To access In-vivo Concentrations) [43] in
Brüker TopSpin 3.5 and calculated using 1,2,4,5-tetramethylbenzene
(83.44 mM) as an external standard, with a P1 value of 15.62 μs and D1
value of 5 s.
4.2. General procedure for the preparation of trifluoromethyl-substituted
indoles
The desired indole (0.3 mmol, 1 eq) was mixed with sodium tri-
fluoromethylsulfinate (0.6 mmol, 2 eq), 2-tert-butylanthraquinone
(0.06 mmol, 0.2 eq), ammonium carbonate (0.18 mmol, 0.6 eq), hexa-
fluoroisopropyl alcohol (0.075mmol, 0.25 eq), and acetonitrile (3 mL,
0.1 M) in a sealed quartz tube with a balloon of air and irradiated at
255 nm for 24 h. The reaction was quenched with water and extracted
with dichloromethane or EtOAc (3× 30mL). The combined organic
layers were dried over sodium sulfate, filtered, and the solvent removed
in vacuo. The desired product was then isolated using preparative TLC
with the appropriate solvent system.
1-Methyl-2-phenyl-3-(trifluoromethyl)-1H-indole (2a)17 was purified
using 95:5 Hex:EtOAc to give a yellow solid (38mg, 46%). 1H NMR
(400MHz, CDCl3) δ ppm 7.88–7.78 (dd, 1H), 7.55–7.47 (m, 3H),
7.45–7.37 (m, 3H), 7.34 (m, 1H), 7.27 (td, J=7.5, 7.0, 1.2 Hz, 1H),
3.54 (s, 3H). 13C NMR (100MHz, CDCl3, 100MHz) δ ppm 140.9 (q,
J=4.0 Hz), 136.5, 130.6 (q, J=1.2 Hz), 130.3, 129.5, 128.5, 124.9 (q,
J=267.2 Hz), 124.6 (q, J=1.8 Hz), 123.1, 121.7, 120.0 (q,
J=1.5 Hz), 110.1, 104.2 (q, J= 35.2 Hz), 30.9. 19F NMR (376MHz,
CDCl3) δ ppm −53.39.
Supporting information
Experimental and computational details, 1H, 13C, and 19F NMR
spectra of the compounds prepared.
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